Abstract Low-dose aspirin therapy has become a standard in the treatment of cardiovascular diseases. Aspirin has been shown to inhibit atherosclerosis in mouse models. To determine the mechanisms by which aspirin might inhibit atherosclerosis, we incubated HEPG2 cells and rat primary hepatocytes with aspirin or salicylic acid and noted an increase in paraoxonase 1(PON1) activity in the medium, together with an induction of PON1 and apolipoprotein A-I (apoA-I) gene expression. Mice treated with aspirin also showed a 2-fold increase in plasma PON1 activity and a significant induction of both PON1 and apoA
Abstract Low-dose aspirin therapy has become a standard in the treatment of cardiovascular diseases. Aspirin has been shown to inhibit atherosclerosis in mouse models. To determine the mechanisms by which aspirin might inhibit atherosclerosis, we incubated HEPG2 cells and rat primary hepatocytes with aspirin or salicylic acid and noted an increase in paraoxonase 1(PON1) activity in the medium, together with an induction of PON1 and apolipoprotein A-I (apoA-I) gene expression. Mice treated with aspirin also showed a 2-fold increase in plasma PON1 activity and a significant induction of both PON1 and apoA-I gene expression in the liver. The induction of the PON1 gene in cell culture was accompanied by an increase in arylhydrocarbon receptor (AhR) gene expression. Accordingly, aspirin treatment of AhR 2/2 animals failed to induce PON1 gene expression. We previously suggested that aspirin might be hydrolyzed by serum PON1, which could account for its short plasma half-life of 10 min. Taken together with the current studies, we suggest that the antiatherosclerotic effects of aspirin might be mediated by its hydrolytic product salicylate and that the induction of PON1 and apoA-I might be important in the cardioprotective effects of aspirin.-Jaichander, P., K. Selvarajan, M. Garelnabi, and S. Serum paraoxonase 1(PON1) is synthesized mainly by the liver and circulates in association with apolipoprotein A-I (apoA-I) and HDL (1) . PON1 is known to hydrolyze various types of substrates, such as arylesters, phosphate esters, and lactones (2), including thiolactones (3). More significantly, PON1 is known to inactivate lipid peroxides and hydrogen peroxide and therefore is known to offer protection against oxidative stress (4) (5) (6) . PON1-deficient mice have been found to be more susceptible to lipoprotein oxidation and atherosclerosis (7, 8) , and transgenic mice overexpressing PON1 have been found to have decreased atherosclerotic lesions (9) . Other paraoxonases have also been noted to contribute significantly to protection against cardiovascular diseases (10) .
ApoA-I is the primary protein associated with HDL, and mice overexpressing apoA-I have been found to have reduced atherosclerosis (11) . There have been discrepancies regarding the correlation between PON1 levels and apoA-I or HDL levels; however, a recent study using apoA-I 2/2 mice crossed with LDL receptor-null (LDLr 2/2 ) mice showed that lack of apoA-I severely affected PON1 levels (12) .
Both serum PON1 activity and PON1 gene expression have been found to be modulated by nutritional, pharmacological, and environmental factors. Flavonoids such as quercetin and catechin increase PON1 activity in both humans and mice (13, 14) . Resveratrol, a phytoalexin and a major biologically active component of red wine, has been known to induce PON1 gene expression in primary hepatocyte culture and in the HuH7 human hepatoma cell line, and this effect was partially mediated by the arylhydrocarbon receptor (AhR) (15) . Modulation of PON1 activity and gene expression by pharmaceutical drugs, including aspirin, has been considered to be a useful tool for the prevention of cardiovascular disease (15, 16, 31) Aspirin therapy has become essential, in combination with other treatment modalities, for those with established risk factors for cardiovascular diseases. Aspirin is analgesic, antiinflammatory, and antipyretic (17) . It also inhibits the cyclooxygenase (COX) enzyme by acetylation of the active site, and the pharmacological effects of aspirin are due to the inhibition of the formation of COX products, including prostaglandins, thromboxanes, and prostacyclin (18, 19) . The beneficial effects of aspirin on atherosclerosis cannot be solely attributed to its platelet-inhibitory function, because the aggregation of platelets contributes little to experimental atherosclerosis (20, 21) . Moreover, aspirin predominantly exists in the form of salicylate in the plasma (22) . The plasma half-life of aspirin is approximately 10 min, and the half-life for salicylate increases with the dose of aspirin (23) , suggesting that the antioxidant and antiinflammatory effects of salicylate might play a role in mediating its antiatherosclerotic effects, rather than the acetylating ability of aspirin (22, 23) .
In our previous studies, we have shown that aspirin competes for the hydrolysis of r-nitrophenylacetate (rNPA) and paraoxon. We have also shown that nitroaspirin is effectively hydrolyzed by human plasma and isolated HDL preparations (24) . In this study, we report the in vitro induction of the PON1 and apoA-I genes by aspirin and salicylate and the in vivo induction by aspirin. We have also established the in vitro and in vivo induction of the AhR gene by aspirin. The induction of PON1 and apoA-I by aspirin and salicylate provides elucidation of the additional mechanisms by which aspirin may protect against atherosclerosis.
MATERIALS AND METHODS

Chemicals
All chemicals, such as aspirin, paraoxon, r-NPA, and salicylate were purchased from Sigma-Aldrich Chemical Co., Saint Louis, MO. Oligofectamine, control RNA, and primers were purchased from Invitrogen. PON1 short interfering RNA (siRNA) was purchased from Sigma-Aldrich Chemical Co. HEPG2 cells were purchased from the American Type Culture Collection, Manassas, VA.
PON1 enzymatic activity
The cell-associated and plasma PON1 arylesterase activity was measured using 1 mM rNPA as substrate, as assessed from the formation of r-nitrophenol at 410 nm at 37°C (26) . Typically, aliquots of 10 ml of medium or plasma were placed in microtiter plate wells in triplicate; the reaction was initiated by the addition of the substrate rNPA, to yield a final concentration of 1 mM in PBS buffer containing calcium and magnesium. After mixing, the plate was read immediately to establish 0 time values, and the reactions were incubated at 37°C. Readings were recorded at the end of 30 min. PON activity was expressed as percent of control, where 100% corresponds to the PON1 activity in the control alcohol-treated cells.
Cell culture
The human hepatoma cell line HEPG2 was maintained at 37°C in an atmosphere containing 5% CO 2 and cultivated in advanced DMEM, which was supplemented with 10% FBS (Invitrogen), 1% L-glutamine, and 1% penicillin-streptomycin (Invitrogen). In experiments to monitor the change in PON1 activity and gene expression, HEPG2 cells (6 3 10 6 cells per 6-well plates) were pretreated for 4 h with minimum essential medium, which was serum free and phenol free. Cells were then treated with 0-1 mM aspirin, 0-1 mM salicylate, and 0-250 mM paraoxon for 48 h in the same minimum essential medium. Aspirin and paraoxon were dissolved in alcohol. The control cells were treated with alcohol alone. After the complete period of treatment, the medium was collected to assay PON1 enzyme activity, and the cells were washed with PBS (Invitrogen) to eliminate serum traces that might have contained PON1. Cells were harvested in Trizol (Invitrogen) for RNA isolation. Total RNA preparation from the cells was performed as previously described (25) .
Primary rat hepatocyte culture
Male Sprague Dawley rats of mature age and weighing 200-250 g at the time of euthanization were obtained from Charles River Laboratories. For isolation of primary hepatocytes, rats (n 5 3) were fasted overnight and anesthetized with sodium pentobarbital solution (50 mg/kg) intraperitoneally. The inferior vena cava was cannulated, and the liver was perfused in situ with oxygenated HBSS containing 100 U/ml penicillin-streptomycin, pH 7.4 (8 ml/min, 37°C for 10 min), followed by perfusion with oxygenated HBSS containing 1 mM CaCl 2 and MgCl 2 , penicillinstreptomycin (100 U/ml), and 0.04% collagenase type IV, pH 7.4, for 10 min. The liver was removed and then gently minced in HBSS containing 1 mM CaCl 2 and MgCl 2 , penicillinstreptomycin (100 U/ml), and 1 3 10 27 M insulin, pH 7.4. The liver cell suspension was then filtered with 70 mm Falcon cell strainers and centrifuged at 50 g for 2 min. Cells were plated on 24-well plates (8 3 10 4 ) (Biocoat Collagen I Cellware plates) in Williamsʼs Medium E containing 10% FBS, 100 U/ml penicillinstreptomycin, and 1 3 10 27 M insulin and cultured at 37°C with 5% CO 2 . After an initial 4 h attachment period, cultures were washed gently with PBS and set up with serum-free and phenolfree minimum essential culture medium for 4 h as pretreatment. Hepatocytes were then treated with 0-0.5 mM aspirin in the same culture medium. Aspirin was prepared in alcohol. Control cells were treated with alcohol alone. Experiments indicated that concentrations of 0.01 mM-0.5 mM aspirin caused no cell injury in these cells. All experiments with animals were performed in accordance with the requirements of the Institutional Animal Ethics Committee.
Mice tissue samples
Ten to twelve week-old LDLr 2/2 mice (n 5 6), and eight week-old normal C57BL6 mice (n 5 6) and AhR 2/2 mice (n 5 6) were obtained from Jackson Laboratory, Bar Harbor, ME. The AhR 2/2 mice are homozygotes and do not respond to arylhydrocarbon receptor agonists. They show reduced liver weight (25% decrease), delayed extramedullary hematopoiesis, and transient hepatic microvesicular steatosis, according to the supplier. These mice are also known to have decreased body weight and altered growth characteristics. The strain was developed using a construct that removed exon 2 of the targeted gene. The original mutation was crossed 12 times to C57BL/6 mice, and the generation obtained was N12.
Aspirin was fed orally at a concentration of 2 mg/day dissolved in 50 ml alcohol. The animals were fed an atherogenic diet in the presence and absence of aspirin. LDLr 2/2 mice (n 5 3) were fed aspirin for 6 days, and the C57BL6 mice (n 5 3) and AhR 2/2 mice (n 5 3) were fed aspirin for 9 days. The animals were also supplied with water ad libitum during the time of feeding. The control animals of each group (n 5 3) were fed 50 ml alcohol, the solvent vehicle, per day. At the end of feeding, the animals were fasted overnight prior to euthanization. Blood was collected over heparin, and plasma was prepared and assayed for PON1 activity. Liver was flushed with ice-cold PBS and collected for extraction of total RNA.
Lipid analysis
Fasting plasma total cholesterol, triglycerides, HDL, and LDL measurements were determined using the Cholestech l*D*X analyzer (Cholestech Corporation, Hayward, CA).
Effect of siRNA-mediated PON1 gene silencing in HEPG2 cells
and control siRNA were transfected using oligofectamine reagent to give a final concentration of 140 nM. Oligofectamine was mixed gently, diluted in serum-free medium, and incubated for 5-10 min at room temperature. PON1 siRNA/ control RNA was mixed with the diluted oligofectamine reagent. The mixture was incubated for 15-20 min at room temperature. While complexes were formed, the growth medium was removed from the cells and the cells were washed once with serum-free medium. Following this, the cells were incubated with PON1 siRNA/control RNA and serum-free medium. Forty-eight hours after transfection, cells were washed and incubated with fresh medium. Cells were then treated with 0.5 mM aspirin and the solvent vehicle alone (ethanol). Medium was collected and PON1 activity was assayed. Cell lysates were stored for PON1 mRNA determination and real-time PCR analysis.
PON1, apoA-I, and AhR gene expression by quantitative real-time PCR
Total RNA from cells and mice liver tissues was extracted with Trizol, and total RNA preparation was performed as previously described (25) . cDNA was generated from 1 mg of total RNA. Reverse transcriptase products were subjected to PCR amplification with Ready Mix PCR Master Mix (Invitrogen). All primers were purchased from Invitrogen. At least three independent trials were performed. Real-time PCR was performed using the iCycler from BioRad. Melting curves were established for the reactions. Fold induction was calculated according to established formulas using reference gene and target gene changes. GAPDH was used as the reference gene.
Statistical analysis
All data are expressed as mean 6 SD. Statistical analysis used ANOVA for group comparison and Studentʼs t -test for pairs, with significance at P , 0.05.
RESULTS AND DISCUSSION
We evaluated HEPG2 cells and primary rat hepatocytes as in vitro models of hepatic cells, because liver is the major source for circulatory PON1. The secreted PON1 arylesterase activity was measured in the medium from HEPG2 cells and primary rat hepatocytes treated with increasing concentrations of aspirin (Fig. 1A) . A significant 3-fold increase in PON1 activity was observed in HEPG2 cells treated under these conditions, and as little as 10 mM aspirin significantly (P , 0.01) increased PON1 activity in the medium in primary rat hepatocytes treated with aspirin (insert in Fig. 1A) . However, no clear-cut dose response could be seen. This could be due to a variety of reasons, such as hydrolysis of aspirin in the medium and increased permeability of fresh primary hepatocytes. Incubation of HEPG2 cells with paraoxon and salicylate under similar conditions also showed an increase in PON1 activity (data not shown).
PON1 gene expression was determined in cells treated with aspirin, and as seen in Fig. 1B , a 5-fold induction was observed. HEPG2 cells treated with salicylate also showed a 4-fold induction. We chose also to determine the expression of the apoA-I gene, because many studies have shown a potential correlation between HDL levels and PON1 activity (26) . We observed that under the conditions used, PON1 gene expression was induced by aspirin and salicylate; there was also an induction of apoA-I gene expression (Fig. 1B) . Primary rat hepatocytes were also treated with different concentrations of aspirin and PON1, and apoA-I gene expression was measured. As seen in Fig. 1C , as little as 10 mM aspirin (insert) increased the gene expression levels of both PON1 and apoA-I. However, at concentrations above 100 mM, the induction was more pronounced and significant.
The apoA-I promoter sequence contains motifs for peroxisome proliferator-activated receptor-a (PPAR-a) (27) . We and others have shown that PPAR-a ligands, including oxidized fatty acids, induce the expression of apoA-I (28, 29) in cultured cells. However, in light of the reported species differences in apoA-I target gene PPAR response (28) , it is unlikely that aspirin is directly involved in the induction of the apoA-I gene via PPAR-a. On the other hand, products derived from aspirin metabolism, for example salicylate or dihydroxy benzoate, could have indirect effects by decreasing NFkB activation, thereby affecting apoA-I transcription (30) . Modulation of cytochrome P450, an AhR-dependent oxidase (CYP1A-I), by PPAR-a has also been reported (31, 32) . Thus, the induction of apoA-I seen in our studies could very well be mediated by the xenobiotic effects of aspirin.
We also used targeted gene silencing. Endogenous PON1 gene expression was inhibited with a specific PON1-targeted siRNA. In these experiments, cells were treated for 48 h, because preliminary experiments showed that siRNAmediated gene silencing was most efficient at about 40 h after transfection. PON1 activity in the medium was reduced in the siRNA-treated cells as compared with nontransfected cells (Fig. 2A) . The inducing effect of aspirin on PON1 gene expression under these conditions was completely abolished, as compared with control nontransfected cells, as seen in Fig. 2B , confirming the involvement of aspirin in the regulation of the PON1 gene.
It has been reported that the AhR ligand resveratrol, a phytochemical, induced the PON1 gene by mechanisms involving AhR (15) . It is possible that the ability of aspirin to induce PON1 also could be mediated by AhR. Aspirin and salicylate might activate AhR-mediated signaling via the hydroxylation of salicylate to dihydroxybenzoate. Therefore, we determined the effect of aspirin treatment on AhR gene expression in both HEPG2 and rat primary hepatocytes.
Different levels of induction of AhR gene expression were seen with aspirin, salicylate, and paraoxon treatment. A significant 20-fold induction of AhR was seen in HEPG2 cells treated with 1 mM aspirin, and a 5-fold induction was seen in HEPG2 cells treated with 250 mM paraoxon, as shown in Fig. 3A . Treatment of primary rat hepatocytes with as little as 10 mM aspirin caused a significant and dramatic 50-fold induction (Fig. 3B) . The "membrane leakiness" of fresh hepatocytes could be a factor in such a high induction. PPAR-a has been implicated in the re-sponse of AhR to its ligands, and AhR is known to have cross-talk with PPAR-a (32). The AhR-mediated events that affect PPAR-a could be one of the potential mechanisms by which aspirin could induce both PON1 and apoA-I. The ability of PPAR-a agonists to induce PON1 gene expression remains to be identified.
To determine the in vivo effects of aspirin on PON1 activity and gene expression, we treated LDLr 2/2 mice with an atherogenic diet in the presence and absence of aspirin at a concentration of 2 mg/day for 6 days. Plasma lipid analysis showed a 1.5-fold increase in HDL levels (data not shown) and a 2-fold increase in plasma PON1 arylesterase activity in aspirin-fed mice as compared with control mice (Fig. 4A) . The results indicate that aspirin or its hydrolytic product, salicylate, induce metabolic pathways leading to PON1 synthesis. The liver was harvested to determine PON1 and apoA-I gene induction by aspirin. As shown in Fig. 4B , a 7-fold increase in PON1 and a 12-fold induction of apoA-I gene expression were observed in LDLr 2/2 mice fed aspirin. There was also an increase in plasma PON1 activity in normal C57BL6 mice fed aspirin at a concentration of Fig. 1 . Aspirin increases paraoxonase 1 (PON1) activity in the medium and PON1 and apolipoprotein A-I (apoA-I) gene expression in HEPG2 cells and primary rat hepatocytes. The cell-associated PON1 arylesterase activity was measured using 1 mM r-nitrophenyl acetate (rNPA) as substrate, as assessed from the formation of r-nitrophenol (rNP) at 410 nm. A: HEPG2 cells and primary rat hepatocytes cultured in 6-well plates were treated with increasing concentrations of aspirin (0-0.5 mM). Insert shows increase in PON1 activity in the medium in primary rat hepatocyes treated with low concentrations of aspirin (0-100 mM). PON1 enzyme activity is expressed as percent of control; 100% corresponds to the activity in control cells treated with alcohol alone. B: Real-time PCR analysis showing induction of PON1 and apoA-I gene expression in HEPG2 cells treated with increasing concentrations of aspirin (0-0.5 mM) and 1 mM salicylate. C: Real-time PCR analysis of PON1 and apoA-I gene expression in rat primary hepatocytes treated with increasing concentrations of aspirin (0-0.5 mM). Insert shows induction of the PON1 and apoA-I genes with low concentrations of aspirin (0-100 mM). The experimental setup, RNA extraction, and real-time PCR analysis were carried out as described in Materials and Methods. Values are expressed as mean 6 SD (n 5 3). * P , 0.05; ** P , 0.01.
2 mg/day with an atherogenic diet for 9 days, as compared with control mice fed alcohol (Fig. 4A ). These mice were fed an atherogenic diet for such a short time to mimic the conditions employed in using the LDLr 2/2 mice. These mice were compared with AhR 2/2 mice fed similar doses of aspirin. As seen in Fig. 4A , AhR 2/2 mice fed aspirin at the same concentration did not show any increase or decrease in plasma PON1 enzyme activity, as compared with control mice. Liver gene expression in the normal C57BL6 aspirin-fed mice showed a 10-fold induction in PON1 and a 6-fold induction in apoA-I gene expression, as compared with controls (Fig. 4B) . A 5-fold induction in AhR gene expression was also observed (Fig. 4C) , whereas the AhR 2/2 mice that were aspirin fed did not show an induction of either PON1 or apoA-I (Fig. 4B.) The antiatherosclerotic nature of nitroaspirin has been described in the literature (33) , and nitrated aspirin is one of the most common analogs of aspirin. Nitroaspirin significantly induced PON1 activity by 1.5-fold in HEPG2 Fig. 2 . PON1 gene expression in HEPG2 cells treated with PON1 short interfering RNA (siRNA) and aspirin. A: PON1 enzyme activity in the medium from nontransfected control HEPG2 cells and PON1 siRNA-treated cells. The cell-associated PON1 arylesterase activity was measured using 1 mM rNPA as substrate, as assessed from the formation of rNP at 410 nm. PON1 enzyme activity is expressed as percent of control; 100% corresponds to the activity in control nontransfected cells. B: Real-time PCR analysis shows that upon silencing the PON1 gene using PON1 siRNA in HEPG2 cells, 0.5 mM aspirin treatment fails to induce the expression of PON1. Cells treated with control siRNA were also maintained. The experimental set up, RNA extraction, and real-time PCR analysis are as described in Materials and Methods. Values are expressed as mean 6 SD (n 5 3). * P , 0.05; ** P , 0.01. Fig. 3 . Effect of aspirin, salicylate, and paraoxon on arylhydrocarbon receptor (AhR) gene expression in HEPG2 cells and primary rat hepatocytes. HEPG2 cells and primary rat hepatocytes were cultured in six well plates as described in the methods section. AhR gene expression in (A) HEPG2 cells treated with 1 mM aspirin, 1 mM salicylate, and 250 mM paraoxon, and (B) primary rat hepatocytes treated with 0-100 mM aspirin and 0-0.5 mM aspirin treatment (insert). RNA extraction and real-time PCR analysis were carried out as described in Materials and Methods. Values are expressed as mean 6 SD (n 5 3). * P , 0.05; ** P , 0.01. cells (P , 0.01), and PON1 gene expression by 14-fold and apoA-I by 2.5-fold (data not shown) under the same experimental conditions as aspirin.
Our studies not only reveal the role of PON1 in the metabolism of aspirin but also elucidate when aspirin therapy would be effective. If PON1-mediated hydrolysis is essential for the activity of aspirin, then patients with higher PON1 levels might respond better to aspirin treatment, and strategies to induce PON1 levels would be extremely important. On the other hand, if the hydrolysis of aspirin is wasteful, then the inhibition of the enzyme needs to be considered. It is unlikely that such would be the case, because salicylate is the natural plant medicine and aspirin was synthetically acetylated to "buffer" and reduce its acidity.
Studies have shown that people who consume aspirin have increased PON1 activity in the serum. Low HDL levels correlate positively with low PON1 (34) . It is tempting to speculate whether people with low HDL are more likely to have aspirin resistance. Our initial discovery that PON1 could hydrolyze aspirin, coupled with the fact that aspirin has a short half-life in the plasma, would suggest that one has to think beyond COX. These studies would pave the way for designing a better class of PON1 activators that may serve as important deterrents not only to atherosclerosis but also to diabetes and other diseases in which deficiencies in PON1 have been noted.
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